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PREFACE

This is the final report for FJSRL Work Unit 2303-F2-10. The purpose of this

report then Is to review where the battery research has been, the results to date, and the

directions it should take. The report reviews put battery work in the MEIC-AIC13 molten

salt electrolyte, both here and at other laboratories. It points out problems associated with

these electrolytes and describes approaches taken to solve these problems. The report

presents the latest results using sodium electrodes in buffered neutral chloroaluminate

molten salt electroltyes at room temperature.

I would like to thank Mr. Jeffrey Boon and Dr. John Wilkes for their many helpful

discussions. Special thanks to Ms. Maureen Parrish who made the many preparations of

melt required for the cell studies. Finally, thanks to Mrs. Linda Pukajlo for formatting and

printing the report.
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INTRODUCTION

Batteries with high gravimetric eno'gy deasity (Wh/kg) require that voltage,

current, and discharge time be maxindwri' while airnlimising mass. Molten salts such as

LiCI-KCI are used as electrolytes to attain these characteristics. Molten salts are ionic

liquids that facilitate current carrying capacity and minimise mass since no supporting

electrolyte is needed. However, molten salts currently used in batteries are high-melting

materials requiring high operating temperatures, greater than 350C in the case of

LiCI-KCI. High operating temperatures in batteries cause problems with corrosion,

material compatibilities, and operating complexities.

Lower melting molten salts composed of mixtures of aluminum chloride and sodium

chloride (m.p. 1520C) have been examined as electrolytes in high energy density batteries

and found some success in thermal battery applicationsl, s Chloroaluminates containing a

third component such as a second alkali metal salt have been used for electrolytes that are

molten as low as 700C.3

When aluminum chloride is mixed with an organic salt, melting points near room

temperature are achieved. Some compositions of aluminum chloride and butylpyridinium

chloride are liquid at or near room temperature. However, these melts are

electrochemically limited by the redi, ction of the pyridinlum cation. 4

A search was conducted for an organic cation more resistant to reduction than

pyridinium to make a room-temperature chloroaluminate melt with a wider

electrochemical window. Candidate cations were screened using MNDO calculations., The

results of this study indicated that dlalkylimidasolium ions should work. Accordingly, an

analogous series of dialkylimiduollum chloride salts were synthesized and found to form

molten salts when mixed with aluminum chloride.' One of the easiest to synthesize that

also gave a melt with the best physical properties was l-methyl-3--ethylimiduolium
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chloride (MEIC). Melts made by mixing this salt with aluminum chloride give liquids at

room temperature at all compositions between N = 0.33 mad N - 0.67 where N is the mole

fraction of aluminum chlom ide,

The chemistry of the .Sanic chloroaluminate molten salts has been reviewed by

Osteryoung.4 The chloroaluminate system can be described on the bais of the acid-bue

equilibrium:

2AICl 4 Als01I + Cl-

The heptachloroalumrnate ion is a strong Lewis acid and the chloride ion is its conjugate

base. This equilibrium is analogous to the autoionisation of water:

2HO 4= HsO+ + OH-

Compositions of N < 0.50 are said to be basic due to the dominance of the chloride ion.

Compositions > 0.50 are acidic due to the heptachloroalumlnate ion. At a composition of

exactly N = 0.80, the only anion present in significant amounts is the tetrachloroaluminate

ion and the melt is considered neutral. These composition regions have distinctly different

chemical, physical, and electrochemical properties which have considerable ramifications

when considered for use in batteries.

The anodic and cathodic limits, which are determined by the dominate ionic species

present, determine the electrochemical window of an electrolyte. In basic organic

chloroaluminate compositions, the dominate ions are the organic cation and

tetrachloroaluminate anion. In MEIC-AICl, melts, the cathodic limit is the reduction of

MEI at about -1.9 V relative to the AI/Al(III)(N = 0.67) reference. The anodic limit Is

the oxidation of chloride at about +1.0 V. In acidic compositions, the cathodic limit is the

3



reduction of heptachlorolduminate to aluminum metal at -0.4 V and the evolution of

chlorine from tetrachloroaluminate at +2.5 V. At exactly neutral composition the only

ions present are the organic cation and the tetrachloroaluminate anion. The cathodic limit

of the neutral melt is that of the basic melt, reduction of the organic cation, and the anodic

limit is that of the acidic melt or the oxidation of tetrachlorodluminate to chlorine. Thus,

the available electrochemical window in both basic and acidic MEIC melts is about 2,9 V

whereas the window in neutral MEIC melts is 4.4 V. These values are about 0.9 V greater

than in butylpyridinium melts. The voltammograns showing the melt limits for buic,

acidic, and neutral MEIC-.luminun chloride molten salts are shown in Figure 1.
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Densities, conductivities and viscosities of several dialkylimidauollum

chloride-auminum chloride melts were determined by Fannin et. 4 I Some representative

data at various compohition~s are shown in Tables I and 11.

N 103c (.ho/cm)

0.33 2.569
0.40 6.506
0.50 22.64
0.64 15.57

0.011901 1.408
0.1 1XCI 12.85

TABLE I. Specific conductivities at 25 C for MEIC-AICII melts at various compositions, 7
Values for KCI solutions are shown for %omparlson,'

SN v slu'

0.36 214
0.50 13.8
0.66 10.1

water 0.8903
glycerol 942

TABLE II. Kinematic viscosities at 25°C for MEIC-AICII melts at various compositions. 7
Water and glycerol are given for comparison.'
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PREVIOUS BATTERY STUDIES

The most favorable conductivities are in the neutral or a&d~lc regions of melt

composition. Also the magnitude of the changes are smaller across the acldc region than

across the basic region. The neutral composition is the most favorable, but the exactly

neutral composition could not be maintained during ay, cell reaction involving melt

species. A survey of cations and electrode materials using cyclicvoltammetr'O showed that

the electrochemical properties of prospective electrode matswials are complex in the acidic

region of the melt, but relative simple in basic melts. In addition, voltages of prospective

battery couples are higher in basic melts than in acidic melts. For these reasons most

battery work has been in basic compositions. However, aluminum, a principal candidate u

an anode, is not reversible In basic compositions but is reversible in acidic compositions."1

Prospective cathode materials are quite soluble In both baic and acidic €ompositiona and

chlorine chlorinates the imidasolium cation.14

The first crude cell was constructed to demonstrate the use of these melts in a cell

configuration.4 This Rirt cell 'used basic MUIC-aluminum chloride as the electrolyte, an

aluminum anode, and a pressed pellet cathode containing iron(III) chloride as the active

material. The two electrodes were separated by a fine glus fit, The discharge of this cell

demonstrated the feasibility of a battery made using these room-temperature molten salts.

The cell was discharged at a current of 0.100 mA and an average voltage of 1.4 volts at

200C. Bensene was added to the electrolyte to increase conductivity as well U to inhibit

the solubility of the iron chloride.

Donahue made a preliminary study of electrochemical engineering requirements for

batteries using room temperature chloroaluminate melts. I His study included the

theoretical aspects of the chemistry and electrochemistry of possible battery couples in the

melts, His report pointed out the many unknowns concerning the chemistry of these

electrolytes and the disadvantages of their physical properties. Much of his discussion
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pointed out the problems associated with the use of the Al/Cls couple (energetically the

most advantageous) in these melts.

Auborn studied the aluminum electrode in basic and acidic compositions. He

showed that the aluminum is reversible Ath igh efficiency in acidic compositions but

irreversible In basic compositions.It

Reynolds and Dymek demonstrated a number of configurations for primary and

secondary cells.ts They examined the following configurations:

1. Al/AlCIs-MEIC(NO.37)//FeClI-MEIC(N=0.33)/W

2. Al/AlClI-MEIC(N-0.37)//WClr-MEIC(Nm0.33)/W

3. Al/A)Bra-MEIB(N=0.33)//Br 2/RVC,Pt

4. Zn/AICI-MEIC(N=O.33)//AlCIl-MEIC(N-O.60)/AI

5. Cd/AlCIl-MEIC(N=0.33)//AICIl-MEIC(N=0.60)/Al

Cells 1, 2, 4, and 5 used ion exchange membranes as separators. Cell 3 had no "separator"

except for the phase boundary between liquid bromine and the melt. Cells 1, 2, and 3 are

primary cells since aluminum is not reversible in basic melts, while 4 and 5 are potentially

secondary. The primary cells had open-circuit potentials of 1.75 to 2.19 V, whereas the

secondary configurations gave open-circuit potentials of only 0.7 to 1.0 V. Cell 5 was

cycled 5 times with the highest efficiency being 65%. Discharge currents were 1 mA or

less, The internal cell resistances were as high as 6.8 X 108 ohms.

The results of this study led to cells with the following configurations for further

work: 14
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1. Zn/AMIGs-MEIC(N=.33)//Br(13% w/w in N=0.42 MEIC,RVC/Pt

2. Cd/AlCr.-MEIC(N=.33)//Brg(13% w/w in N=0.42 MEIC,RVC/Pt

NAFION was the separator in both cells and the internaltOUll resistances of 150-400 ohms

were due primarily to the separators. The cadmium- cell was reversible with an

ope-.drcuit potential of 2.0 V and was discharged to 70% of capacity with no apparent

effect on rechargeablllty. The zinc electrode was not reversible.

Donahue examined metal-.chlorine cells and metal-ýmetal halide cells 44, basic and

acidic melts. Metals used were aluminum, magnesium, and zinc and the halides were

iron(III) chloride and copper(II) chloride. These cells contained no separator. The cathode

compartment contained a saturated solution of the positive electrode material and was in

direct contact with a binary melt of the same composition without the metal halide. EVC

wu used as the current collector in the cathode. Al/CuCI, primary cells gave an open

circuit voltage of 2.1 V in basic electrolyte and were discharged at 1 mA. Seconaary cells

using acidic electrolyte gave an open circuit potential of 1.9 V and were discharged at 5

mA and charged at 2.5 mA. Discharge currents as high as 70 mA were mentioned, and

discharge curves were presented for 10 mA.

More recently, Gifford and Palmisanol' constructed an Al/Cl:,Sraphite cell that did

not require an ionic separator. Their electrolyte was an acidic composition of

1,2-dimethyl-3-propy~lmidasolium chloride and aluminum chloride. Cells were cycled up

to 100% depth of discharge over 150 cycles. Discharges were flat at about 1.7 V at currents

of about 0.15 to 2.5 mA. The failing of this cell conflguration is the low storage capacity of

graphite for chlorine.



BATTERY PROBLEMS ASSOCIATED WITH BASIC AND ACIDIC MELTS

These earlier battery studies pointed out several problems with chloroaluminate

electrolytes. Many of the problems were Birt pointed out by Donahue." Solubility of

positive materials in basic and acidic compositions mandate a separator. However,

separators that have been used result in high internal cell resistances at room

temperatures. As of this time no suitable Ionic separator has been found for use in these

electrolytes.

While the conductivities of these melts are reasonable, the viscosities are quite high,

and there are strong interactions among the ionic speades' resulting in poor mass transport

of reactants and products of battery reactions. As a result, cells using these electrolytes are

not able to carry high currents, a detriment to obtaining high energy density. The

viscosity and ionic interactions are decreased (thereby increasing conductivity) by adding

nonaqueous solvents such as benzene, acetonitrile, or dichloromethane.'I The volatile

solvents dilute the ionic species, add mass that does not contribute to the electrochemical

reaction, and may not be acceptable for battery applications due to loss of these

components through vaporization or excessive pressure if the battery were sealed.

RECENT STUDIES USING BASIC ELECTROLYTE WITHOUT A SEPARATOR

Recent attempts in this laboratory to build practical cells using chloroalumlnate

electrolytes without an ionic separator included the use of gas diffusion electrodes (ODE)

as chlorine electrodes (similar to the concept proposed by Donahue of using an ion selective

membrane with a chlorine electrode) and the use of less soluble compounds such as the

sulfides of molybdenum and titanium as cathode materials.

All work was performed in a Vacuum Atmospheres drybox with a circulating helium

atmosphere maintained at loes than 15 ppm total oxygen and water content. Reagents
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were ued as received. Gas diffusion electrodes (AE--0 nd AE-100) were obtained from

Electromedia Corporation.

Basic melts were made by mixing weighted amountip-of MEIC and AlCli in the

drybox, The basic melts were not treated to removed any protonic impuritie.,

Cell discharge/chuge measurements were made usinga PAR 173 equiped• with! a

PAR 276 plug-in module controlled by a Zenith 248 personalkcomputer runningt program,

that has been described previouslyti Cells were chuagedl,"and dischuged',at constantt

current to preselected cutoff voltages.

Celle with the configuration Cd/MEIC-AICI,/GDE/CI, were constructed. Pfgure'-2

shows an exploded diagram of the cell used. These cells gave an Initial, open circuit voltae,

of 2.1, volts, but the electrolyte apparen,.ly wetted the electrolyte side of the electrodsei

eventually coming in contact with and reacting with the metal current collector onthe g•,

aide of the electrode, imparting a blue-green color to the electrolyte. These cells delivered',

only 1 mA of current,

0 RINGS

+ - CADMIlUM

0 . Idee

GLASS

Figure 2, Exploded view of Cd/Clj cell using a Gas Diffusion Electrode.

LM 
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Another configuration used a flat cell similar to that described by Dymek t. aL 14

The cell arrangement was Cd/NuO.40,CdClj/C in which the cathode was a porous graphite

sheet. These cells had an open circuit potential of 1.3 volts and were cycled between 0.5

and 2.2 volts at currents up to 1 mA. As with other chlorine/graphite cells, the capacity of

this cell was unacceptably low,

Cello such as shown In Figure 3 were constructed with Cd anodes, MoS2 cathodes,

"and basic electrolyte. Open circuit voltage was 1,1 - 1.2 volts oand 2 mA could be drawn

from the cell. A cellulose tube was used to contain the cathode but the MoSa proved

soluble enough to self discharge and the cells delivered only a very small fraction of their

theoretical capacity.

TUNGSTEN WIRE

"PLASTIC CAP

CAkDMILMv CYLINER
CEL CONTAINER
CEILULOSE TUBE

MoB* .C CATHODE

BASIC ELECTROLYTE

Figure 3. Cylindrical Cd/MoS2 cell.
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CELL STUDIES USING BUFFERED NEUTRAL MELT

Recently the discovery was made that adding NaCI to an acidic melt resulted in a

melt buffered to exactly neutral composition. 13 By buffering the melt to neutral, the full

electrochemical window of over 4 V becomes available, opening entirely new possibilities

for battery applications. The increased electrochemical window makes the use of more

active metals, such as sodium, potentially possible. Additionally, potential positive

electrode materials such as the transition metal halides appear to be insoluble in the

buffered melt, eliminating the need for an ionic separator.

Experimental procedures were similar to those described in the previous section.

Neutral electrolytes were made by first making a N= -0.55 melt and then removing

protonic impurtities by the addition of ethylaluminum dichlorideS0 Thes melts were then

buffered by adding 10 percent excess of NaCI and stirring overnight, Electrochemical

measurements were made using a PAR 273 Potentiostat. Battery discharges used the same

equipment and procedures as described in the previous section.

In preliminary experiments copper electrodes were electrolysed in buffered melt and

scanning electron microscopy showed the formation of an adherent copper chloride layer on

the surface of the copper metal.' 1 Chronoamperometry experiment. showed that 100% of

charge used to form the copper chloride was returned although cyclic voltammetry

indicated the reaction wu not classically reversible."1

Crude Na/CuCl cells wore assembled in which sodium and copper were separated

only by buffered melt or melt-saturated borosilicate glass mat, The expected cell reactions

during charge would be sodium deposition from the buffered melt and by the formation of

copper(I) chloride at the surface of the copper electrode.

ANODE: Na+ + e-Bm Na

CATHODE: Cu + 2AlClj I, CuCl(s) + Al3CI7 + a-

13



and, since melt is buffered:

AI2C1 + NaCI(s) =4 NaAIC14 + AIC1I

OVERALL: NaCI(s) + Cu no Na + CuCl(s)

For discharge, the expected reactions are:

ANODE: Na =4 Na+ + e7

and in buffered melt

Na+ + AIC1I a* NaAICI4

CATHODE: CuCl(s) + e7 = Cu + Cl-

and since melt is buffered:

CI- + NaAICI4 so NaCI(s) + AMCIl

OVERALL: Na + CuCl(s) Cu + NaCI(s)

The cells were much less than 50% efficient in charge recovery and repeated cycling

resulted in rapid cell deterioration and failure. The first three cycles of such a cell are

shown in Figure 4. Cell failure wu attributed to irreversibility of the sodium electrode,

probably due to the reduction of ME' as evidenced by the appearance of a brown coating

on the sodium surface.

While the first experiments showed a rechargeability problem with the sodium

electrode, they did show some promise for primary cells. Primary cells of the configuration

shown in Figure 5 were constructed using buffered chloroaluminate electrolyte. The anode

14



was a cast sodium rod with a tungsten wire current collector. The anode was made by

poting molten sodium metal into a teflon tube of appropriate diameter- plugged at one

end., When the sodium hardened, the teflon was cut away, exposing shiney but somewhat

rough sodium metal. The cathode was a 80/50 weight 1percent mixture of CuClg and

graphite with a copper screen current collector. The anode and cathode were separated by

P borosilicate glass tube containing electrolyte and a small, amount of solid sodium chloride.

The area of the sodium anode in contact with the electrolyte was about 4 cml. Open

circuit voltage of these cells was 2.75 volts at 260C. The, cells showed relatively low

polhdsation up to 3 mA, but above 3.2 mA the polariation increased dramatically as

shown in Figure 6. Internal resistance below 3 mA wasless than 70 ohms. Cells were.

discharged at currents up to 3 mA,

Na/CuCI Secondary
Cycles 1 3

4=0

3.6

30 2

1 2.60

I 20,00,I. .. ... .-
1.60

1.00

0.60

0.00
0 20 40 6o 8o 100

Tim. b*

Figure 4. First three cycle@ of a crude Na/Cu cell, Cycle 1: 1 mA, 3.0 V charge cut-off.
Cycle 2: 0,8 mA, 3,2 V charge cut-off. Cycle 3: 0,5 mA, 3.5 V charge cut-off.
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"'-T.UNGSTE WIRE

CPE WIRJE

----- GLASSTUB

---'----40,E MIX

----- ELECTIROLYT"E

------ ODIUM RlOD

Figure 5. Na/CuCI primary cell design.
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Na/CuC.I2
CELL POLARIZATION

3.00

UO A A A A -A A A A A A A A A" " ý

1.50

1.00a

0.600 - - I i I

0 1 2. 3 4 a

ournt Ow

Figsure &. Polarization of Na/C00 2 cells containing buffered neutral chloroaluminate

moWten electrolyte.
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Discharge experiments were inconsistent. Early experiments, Figure 7, showed high

voltages for relatively long times after an initial voltage delay. The discharge to 1.0 V

represented only about 11 percent of the theoretical capacity of the cathode. These early

discharges seemed to indicate a dependency on the time the cell was on open circuit stand

prior to the discharge. Other tests were made that varied the open circuit stand from 0 to

70 hours. All subsequent tests failed to maintain the high voltage regardless of length of

open circuit stand. At the same time the effect of the solid sodium chloride in the anode

compartment was examined by discharging cells that did not contain added NaCl. The

results shown in Figure 8 indicated no significant difference on these factors. All the curves

are similar, with erratic voltages, especially near end of life, that are predominantly near

1.50 volts and an abrupt voltage drop at the end of discharge. Again, in all cases the

delivered capacity was much lower than theoretical,

Examination of cells after discharge showed the formation of a heavy black coating

on the sodium anode. The electrolyte remained clear and showed no evidence of copper

chloride dissolution. The layer formed on the sodium electrode seems to be responsible for

the observed discharge behavior, When the circuit was opened, the voltage immediately

jumped from 1.0 volt to over 2 volts where it remained. When the anode was removed, the

layer scraped off, and replaced in the cell, it was discharged again at the same current,

The erratic discharge curves can be attributed to the changes in the surface of the anode

due to the formation of the pusivaing layer,

In order to examine the cause of the passivating layer, electrolyte components and

preparation were varied for some cell tests. The usual method of melt preparation involves

the addition of ethylaluminum dichloride to remove protons. Cells using electrolyte that

was not treated with EtAICI, were compared to cells using electrolyte deprotonated in the

usual way. No significant differences were observed (See Figure 9).

To examine the possibility that the layer is the result of a reaction between sodium

18



and some component of the electrolyte or an impurity left u,a result of the synthesis of the

MEC, electrolyte- was-prepared from MEIC recrystallised from diethyl ethersltead of the

usual. acetonitrile, Cells uuing the new electrolyte showed considerably improvedi discharge

performance. Figure 10 compares the discharge for & cell using electrolyte made from

MEIC recrstallied from, diethyl ether to a cell made: fhsm the MEIC lxepared In the.

origial•way. Cells made with the new. electrolyte showed',] Iher voltagpefor;a much longer

time and the discharge curves. were smooth and more replducible. Cells with the niw

electrolyte discharged over 50% -of theoretical capacity toI:,A.O. volt., The. anode- was still'

covered, with a black deposit which may remains the reason ý(r the abrupt voltage. decrease

at the end of discharge.

The surface of the electrode was examined by scanning electron microscopy/EDAX,

No significant surface features were observed. Two samples were used& Sample 1 came

froman electrode used in a cell containing electrolyte prepared in the original way. This

same was stored in a dosed bottle in the drybox antechamber for 6 days before analysis.

Sample two was from a cell using the new electrolytei and w-* analysed very shortly after

taken from the cell. The elemental composition- of both, samples showed aluminum,

chlorine, and some sodium. Sample 1 also contained, oxygen. Neither sample had carbon

present on the surface. The lack of r, -bon indicates that. the layer is. not caused by the

chemical reduction of MEP by sodium, but the reaction at the anode apparently involves

some oxidation of the tetrachloroaluminate anion, The reaction of Na- formed during

discharge with AIC1I forming an insoluble product was considered unlikely since NaA1C14

has been added to MEIC melts and no insolubilities were observed.,6
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Na/CuCI2
0.75 mA/cm'

2.50 *.O

2.00

1.60 .

1.00 -

oMao

0.6001

0 10 20 30 40

1213F 0208B

i ures '. Discharge curve for Na/OuClI cell. Electrolyte is buffered neutral aluminumhoride--1-methl--ethylimidauolium chloride with solid N&CI added to the anodecompartment. Test 121SF included a 24 hour open circuit stand while test 0208B was onopen circuit for 8 houws prior to discharge.
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Na/CuCI 2
0.75 mA/cm.

2.00.

1.50

~ m% N

1.00r

0a/00l --

0 s 10 is 20 25 30 35

T! 
10w.)

-- 030615 0309 -- 0320 O U039

Fiue8. Discharge curves for cells showing the effects of different open dzlcult stands and
addiion of solid sodium chloride to the anode compartment. Tts 0306 and 0309contained no solid sodium chloride in the anode compartment. Tests 0306 and 0320 had no
open circuit stand prior to discharge. Tat 0309 was on open circuit for 18 hours and 0326
was on open circuit for 72 hours.
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Na/CuC 2
0.75 mA/cm2

"2.0

! ,.~~oo -,
i.00

1.0010.80

I0,,00 ... I . .. . p•''...

0 10 20 30 40 50

T~nu *r1)

- 0320 - - 0411 -- 0416

Figure 9. Discharge comparison for cells in which the electrolyte was deprotonated with
ethylaluminum dichloride. In test 0320 the electrolyte was deprotonated by usual addition
of ethylaluminum dichloride. Tests 0411 and 0416 usod electrolyte that was not
deprotonated. All cells contained solid eaCl in the anode compartment. Tests 0320 and
0411 had no open circuit stand.
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Figure 10. Comparison of cells using electrolytes made from MEIC prepared using
acetonitrile versus diethyl ether. Test 1213F used electroltye made using the original
preparation methode, Test 0501D used MEIC made using diethyl ether.
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CONCLUSIONS

The discovery of a way to buffer the room-temperature chloroaluminate melts to

the neutral composition has eliminated at least one major obstacle to the goal of a practical

battery using chloroaluminate electrolytes. Prospective positive electrode materials appear

to be insoluble in the buffered melt which eliminates the need for an ionic separator.

However, this same insolubility may pose snother problem in the form of a nonconductive

reaction product adhering to the surface of the sodium electrode. Test cells have shown

that Na/CuCl: primary cells can be discharged at 2.5 volts and near 1 mA/cm2 for more

than 80 percent of capacity.

The physical properties of the melt may prove to be the limiting factor in any

room-temperature high energy density cell, The conductivity and viscosity of these melts

do not favor the delivery of high current. While Donahue has alluded to currents as high

as 70 mA(12), other cell studies using room-temperature chioroaluminates, including this

one, have reported currents in the range ofi1 to 3 mA.

While the discovery of buffered chloroaluminates has advanced the realization of a

practical high voltage battery using these electrolytes, the prospects for a

room-temperature chloroalumInate battery with high energy density have not improved.

""
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RECOMMENDATIONS FOR FtJTURKESTUDIES

-eure condiictiirity and other grouertiea of b AUffd mel:

While the buffered melt is considered neutral in composition, Its propefties 'are not

inecessatily identical to the neutral unbuffered composition. The -ionic interactions mneed -to

be examined In the same way as was done for -the unbuffered melts. 'The =cnduativity ~of

,the 1buffered ýmelts needs to be measured as a function -of tejqpetature:&nd amount ~of'ecesu

sodtUim chloride. Other physical properties such us viscoatty and density ,thculd 41slo 'Ibe

,characterised.

VAJailed sotUdX of sodium in buifferad melts:,

More information must be obtained about the ;behavior of sodium in these melts.

Whbile sodium -deposition has been reported from -buffered meltsiO2,call eteats ee Vhavel not

,denqnstrated the deposition on a sodium substrate. Diuchargeof~primtlznryCO13 esulted in

-the formation of a nonconductive layer on the surface of -the snodium. 'The nature bf .this

layer, needs to be investigated further, A way needs to be found to 1 timinate this layer, or

to make -it conductive, Possible solutions to study ame -alloying metals 'or 'eleotw*te

additives.

Other buffering agents:

Other metal chlorides such as KCl, MgCla, or CaClq may also buffer the

chloroaluminate melts. Melts buffered by MgCl, for exam~ple may show favorable battery

behavior with magnesium as the negative electrode material.

Alterhative Domitive electrodes:,

Other transition metal halides and sulfides need to be examined as possible cathode

materials. Possibilities include iron(1ll) and molybdenum(VI) chlorides as well as the

sulfides of iron, molydenum, and titanium. The methods of fabrication of cathodes can be

improved. For example, if the positive electrode material can be immobilized in a fixed

matrix such as polytettrafuorethylene (PTFE) the glass fiber tube can be eliminated.
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Elimination of the physical barrier between anode and cathode should reduce the Internal

resistance even further and allow higher currents.

Dymek has indicated that the compound MEICJI may be a way to efficiently store

chlorine for use in chlorine cells.1 This compound could be used in the same configuration

as the Na/CuCI2 cells reported here with MEICl1 replacing CuCl. If the problems with

the sodium electrode are solved, and the sodium electrode combined with a good chlorine

storage source, the result would be a cell having exceptional energy density and voltage.

The Na/Cl. couple has a theoretical energy density of 1833 Wh/kg. 12

A similar approach would be to use a basic melt saturated with bromine as the

cathode. Dymek at. aLi4 has shown that in basic melt, bromine reacts with the free

chloride to form Br2Cl anion. Either MElCs or Br:Cl" would give higher energy densities

and voltages than the transition metal halides.
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